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 Abstract: 
 Increasing concentrations of fecal indicator bacteria (FIB) have been linked to 
gastrointestinal diseases and other illnesses. Concentrations of FIB are increased in recreational 
waters following heavy rainfall events due to sources of fecal contamination stemming from the 
land such as septic systems, failing wastewater infrastructure, and pet and wildlife feces. This 
fecal contamination is conveyed to the receiving water system through stormwater pipes that can 
discharge the material into recreational waters. This study aims to characterize FIB 
concentrations in Taylor’s Creek, North Carolina as well as their association to heavy rainfall 
and the stormwater systems along The Town of Beaufort (ToB). The main focus of this study has 
been to investigate microbial contamination away from the larger, more prominent outfall pipes 
which are already being studied. FIB concentrations were characterized through three main 
sampling methods: grab sampling from Taylor’s creek, water and sediment sampling from 
manholes across ToB, and plume transect grab samples from various outfall pipes along Taylor’s 
Creek. FIB concentrations exceeded recreational water quality standards on multiple occasions 
during both wet and dry weather from water samples taken along Taylor’s Creek. During wet 
weather, Enterococcus spp. concentrations in Taylor’s Creek ranged from 5 to 624.4 MPN/100 
mL, and E. coli concentrations ranged from non-detect to >6,600 MPN/100mL. In addition, 
samples from inside of the manholes along The ToB stormwater system contained high 
concentrations of FIB as well as indications of tidal intrusion, possibly resulting in corrosion of 
the stormwater systems over time. FIB concentrations decreased with increasing distance from 
outfall pipes during plume transect sampling and were positively correlated with nutrient 
concentrations. Taylor’s Creek seems to be impacted by discharge even away from noted 
stormwater outfall pipes, and high concentrations of FIB exist in the stormwater drainage system 
during dry weather, likely contributing to water quality impairment along Taylor’s Creek. 
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Introduction: 
During heavy rainfall and storm events, water inundated with bacteria, nutrients and 
sediment is often deposited into nearby water systems through piped outfalls and stormwater 
runoff, adversely impacting the surrounding ecosystem as well as public health. The Town of 
Beaufort (ToB), NC, and surrounding areas have recently experienced rapidly increasing 
populations and development. In 2015, ToB had an estimated permanent population of 4,153, 
and Carteret County population often increases by as much as 150,000 residents during summer 
months (Carteret Economic Development). This has resulted in more human fecal waste, as well 
as an expansion of impervious surfaces such as roads, roofs and parking lots. These impervious 
surfaces allow contaminants to be transported to receiving waters without naturally being filtered 
by soils and vegetation. Coastal NC, including ToB, has a uniquely low-lying, shallow surficial 
groundwater aquifer that exacerbates the local stormwater-related issues.  The shallow surficial 
aquifer in locations across ToB is less than 0.5 m below the surface of the land, so it is likely that 
during some periods some of the stormwater and sewage infrastructure are actually submerged. 
This unique water table exacerbates the issue of flooding and standing water during heavy 
rainfall, because water is unable to penetrate deeper into the soil and the area for infiltration is 
relatively shallow. The wastewater and stormwater systems in ToB run separately, but in close 
proximity to one other as a result of this shallow groundwater aquifer. It is necessary for these 
systems to be separate in order to prevent combined sewage overflows, however sewage 
contamination has been documented to exist in separated systems due to leaks from structural 
defects such as aging, corrosion and poor construction (Sercu 2011). Studies conducted in 
Wilmington, NC, have also showed that elevated groundwater levels and sea-level variations 
pose threats to wastewater infrastructure by allowing water to bypass treatment when flow 
capacity is exceeded and introducing saline water into the treatment systems, resulting in 
compromises of the integrity of the wastewater systems (Flood and Cahoon 2011). Outdated or 
corroded sewage pipes in ToB allow the possibility for sewage to seep into stormwater drains, 
ultimately being deposited into Taylor’s Creek. Excellent water quality is essential to the 
economics and culture of this area, as it is a popular region for shellfishing, recreational boating 
and seasonal tourism, and is prone to episodic weather events such as tropical storms and 
hurricanes.  
The USEPA currently accepts and utilizes the testing of fecal indicator bacteria FIB 
concentrations in water as an appropriate assessment of recreational and commercial water 
quality (USEPA 2012). The establishment of these recreational water quality standards results 
from an assessment by the USEPA of available literature from health outcomes that have been 
observed from various epidemiological studies on the impacts of the presence of FIB in water 
(USEPA 2012). The basic concept is that the concentrations of indicator bacteria can be linked to 
the rates of illness of the recreational user, and that a certain threshold can be selected to 
represent the exceedance of an “acceptable rate” of background illness for the population. Other 
literature has found links between exposure to water with high concentrations of FIB and 
gastrointestinal diseases and other adverse health effects (Haile et al. 1999; Prüss 1998). 
Moreover, the presence of human fecal waste and FIB due to stormwater runoff have been linked 
to a multitude of health conditions and contributed to numerous disease outbreaks. For example, 
between 1948 and 2011, over 50% of waterborne disease outbreaks had occurred following 
heavy rainfall events (Gaffield 2003). Although E. coli concentrations are not used to manage 
marine recreational waters in NC, they are used to manage recreational waters in many other 
states across the US and are confirmed by the USEPA as valuable indicators of fecal 
contamination. In the particular case of this study, E. coli measurements have been a valuable 
addition to the project. 
This study is part of a larger, three-year project funded by NOAA to assess recreational 
water quality in ToB as it relates to stormwater runoff. As part of the larger study in place, two 
large stormwater outfall pipes along Taylor’s Creek, that are noticable at low tide, are being 
monitored during storm events for water volume, velocity, nutrients, total suspended solids 
(TSS) and microbial bacterial concentrations flowing through the pipes. This specific project 
aims to assess the effects of stormwater runoff on water quality along Taylor’s Creek away from 
the two large outfall pipes, by testing for two types of FIB: Escherichia coli and Enterococcus 
spp., along a series of dry weather and storm events near smaller, less visible outfall pipes.  An 
effort was also made to assess the extent to which the FIB signal was diluted from stormwater 
sources once out in Taylor’s Creek.  In addition, other sources of fecal material to the system 
have been assessed through a study of accumulated material in the manholes of the stormwater 
systems.  It is not implied in this case that the FIB are pathogenic themselves but they are being 
used as proxies for the presence of fecal contamination in the water. This study consists of three 
different sampling methods which may be synthesized to fully understand stormwater dynamics 
in Taylor’s Creek as they relate to FIB. The first method will be referenced as “Front Street grab 
samples” and consisted of obtaining grab samples of water about four to five meters away from 
the smaller, less visible outfall pipes along Front Street and testing these samples for the 
presence of FIB. The second method will be referenced as “manhole sampling”, which 
investigates the water and sediment quality of samples found inside of the source material 
(manholes) during both dry and wet weather. The third method will be referenced as “plume 
transects”, and this method consisted of taking water samples along a transect from outfall pipes 
into the creek in attempts to understand the fate of contamination as it flows away from the 
outfall pipe. Sediment in manholes and discharge pipes has been recognized as a potential source 
of elevated FIB due to the fact that they provide a moist, dark habitat suitable for the growth of 
microorganisms. During wet weather, these contaminated sediments may be discharged along 
with the stormwater (Marino and Gannon 1991). If the water nearby to the smaller, less visible 
outfalls and inside the stormwater pipes is found to have poor water quality with respect to 
allowable microbial fecal indicators, state and local governments should be urged to invest in 
proper infrastructure to protect public safety and preserve ecosystem longevity from infections 
associated with microbial contamination. These results may also be used to educate the public 
about the adverse effects of swimming or fishing in these waters following heavy rainfall events. 
 
 
Methods/Materials: 
 
Taylor’s Creek Sampling Sites: 
 
Water quality testing along Taylor’s Creek was conducted during the months between 
August and December of 2017, as well as July and August of 2018. Samples were collected from 
four different locations along Front Street in ToB (Figure 1). These locations were selected 
because they are far enough away from the two large outfall pipes in the historical section of 
ToB that an assessment could be made of the impact of some of the small stormwater discharges. 
These sites also represent locations of varying development across the ToB; sites one (“W. Front 
Street”) and four (“Fishermen’s Pier”) are less developed and more residential whereas sites two 
(“Finz”) and three (“Periwinkles”) are located in highly developed, commercial areas in the 
central region of downtown ToB. At each site, grab samples were taken about four to five meters 
away from the shore in order to collect samples in locations people would be likely to swim. In 
Figure 1, the two larger outfall pipes are denoted by the two round, green pins. 
 
 
Figure 1: Locations of “Taylor’s Creek Grab Samples” sites as well as locations of noted 
stormwater outfall pipes, indicated by the two round, green pins along Front Street. Plotted 
using Google Earth. 
Taylor’s Creek Sampling Methods: 
 
One 500mL bottle was used to collect water samples at each location during sampling 
events. A water sample dipper was used to hold on to the open bottle as it was dipped 
approximately 6-12 inches below the surface of the water until it was full. Once full, the bottle 
was capped and labeled with the location and date of the sample. A YSI was then deployed to 
measure such physical tests as temperature, turbidity, conductivity, salinity, and dissolved 
oxygen content at the exact time and location each sample was taken. During some storm events, 
samples were taken before, during, and after the storm to account for fluctuations in FIB levels 
throughout the storm from lag time of water flowing from upstream. In the lab, E. coli, and 
Enterococcus spp. concentrations were quantified using US-approved tests, Enterolert™ and 
Colilert-18®, and most probable number (MPN) IDEXX 51- Well Quanti-Trays following 
manufacturer instructions (IDEXX Laboratories, Westbrook, ME). Samples were diluted at a 
1:10 ratio with deionized water in order to eliminate the detection of other bacterial species. 
From each of the 500mL bottles from each location, four 100mL samples were taken and two of 
these subsamples were for duplicate Colilert-18® tests and the other two were duplicate 
Enterolert™ tests. Colilert-18® samples were placed in an incubator for 18-22 hours at 35°C, 
and Enterolert™ samples were placed in a separate incubator for 24 hours at 41°C. Counts were 
taken for each tray after incubation was complete. For the Colilert-18® trays, each well that 
illuminates under a UV light was reported as positive for E. coli. As for the Enterolert trays, the 
wells that illuminated under a UV light were reported as positive for Enterococcus spp.  
 
Manhole Sampling Sites: 
 
Samples were also collected from the inside of the stormwater drains for eight locations 
in downtown ToB (Figure 2). Four of these sites are found along Front Street, corresponding 
with the previously tested Taylor’s Creek grab sites, and the other four sites are located upstream 
respectively along Ann Street (two sites) and Broad Street (two sites). During rainfall, water 
from yards, streets and parking lots flows into grates along the sides of the streets, entering the 
stormwater drainage system. These sites were selected because the water that runs through these 
stormwater drains during heavy rainfall can pick up the remaining water and sediment from 
inside of the drain and discharge into Taylor’s Creek. An example of the material contained 
within the manholes is represented in Image 1.  
 
 
Figure 2: Locations of manholes sampled (Sites 1-8) along ToB, as well as locations of noted 
stormwater outfall pipes, indicated by the two round, green pins along Front Street. Plotted 
using Google Earth. 
 
Image 1: Material inside of manhole at site 4. 
 
 
 
Manhole Water Sampling Methods: 
 
 Water samples were taken on five different dates during dry weather. The aim of this 
assessment was to understand the fecal contamination present in the accumulated sediment, 
plant, and sand material that accumulates in the stormwater system during dry weather and 
would be discharged during wet weather. 500 mL plastic bottles were extended down into the 
drains using a water sample dipper, and water was collected avoiding as much sediment and 
detritus as possible. These samples were then placed in a cooler and taken back to the lab and 
processed in the same manner as the Taylor’s Creek grab samples for FIB. The samples from 13 
October 2017 were diluted at a 1:10 dilution and used 51- Well Quanti-Trays, but yielded MPN 
values that were too high to quantify using this approach (all wells were positive). In order to 
quantify higher concentrations of FIB, all other subsequent used a 1:100 dilution and Quanti-
Tray/2000 trays. Although the stormwater system is constructed to prevent tidal intrusion into 
the pipes, we also wanted to examine the influence of tides into the stormwater system by testing 
salinity in our samples. To do so, plastic pipettes were used to dispense two to three drops of 
water from each sample onto a refractometer and the results were recorded in parts per thousand 
(ppt). Kimwipes were then used to clean off the refractometer in between samples. 
 
Manhole Sediment Sampling Methods: 
 
 In 2018, additional sediment samples were collected during manhole sampling by 
extending a 500mL bottle using a water sample dipper, scraping as much sediment as possible 
from the bottom of the manholes. Sediment samples were capped and placed into a cooler and 
taken back to the lab for FIB testing. Each sample was inverted ~10 times in order to resuspend 
sediment in water, then centrifuged for 10 minutes at 10,000x g. Overlaying water from 
centrifuged bottles was poured into 100mL plastic bottles and tested for FIB concentrations in 
the same manner as all other samples. A 1:100 dilution ratio was used for sediment samples and 
Quanti-Tray/2000 trays were used rather than 51- Well Quanti-Trays in order to quantify higher 
concentrations of FIB.  
 
Plume Transect Sampling Sites: 
 
On 16 August 2018, six Taylor’s Creek sampling sites were selected along Front Street, 
ToB (Figure 3) to conduct an analysis of the plumes coming from stormwater outfall pipes 
during dry weather. Two of these locations corresponded to the large, prominent outfall pipes 
previously mentioned (Orange St. and Pollock St.), two corresponded with two of the Front 
Street. grab samples (Periwinkle’s and Fishermen’s Pier), and two new sites were added on East 
Front Street (named “F-H” and “->L”). The other two Front Street grab sample sites were not 
sampled in this manner because we were unable to reach the water flowing directly from the 
outfall pipes. At each site, three points along a transect were sampled in the same manner as the 
other Taylor’s Creek grab samples: Point A (water flowing from pipe), Point B (two to four 
meters away from pipe), and Point C (five to seven meters from pipe). This allowed us to 
understand how FIB concentrations are influenced and diluted by the tide and current as you 
move away from the outfall pipes towards locations where people would be likely to swim. Due 
to the fact that this part of the project was added in the latter half of the sampling period, only 
one sampling event was able to be conducted. 
  
Figure 3: Locations of “Plume Transect” sample sites along Taylor’s Creek. Plotted using 
Google Earth. 
Plume Transect Sampling Methods: 
 
 FIB tests on samples from the plume transects were conducted in the same manner as the 
other Taylor’s Creek grab samples, with a 1:10 dilution ratio and the usage of 51-Well Quanti-
Trays. Total Suspended Solids (TSS) were measured on plume transect samples using a simple 
filtration method. This method involved inverting the 500mL samples in order to resuspend and 
equally distribute sediments throughout the sample. 200mL of each sample was then poured 
through 25 mm Glass Fiber Filters Type A/E made by PALL. Filters were then wrapped in pre-
weighed tin foil squares using forceps, dried in an oven for 48 hours and re-weighed. Salinity 
measurements were taken for each sample using a refractometer. To do so, plastic pipettes were 
used to dispense two to three drops of water from each sample onto the refractometer and the 
results were recorded in parts per thousand (ppt). These samples were also analyzed by the 
Piehler Lab at the Institute for Marine Sciences to be tested for nutrient concentrations such as 
nitric oxide, ammonium, phosphate, total dissolved nitrogen, and dissolved organic nitrogen.  
 
Statistics: 
 
Coliert-18© and Enterolert ™ values generated from this study were averaged in 
Microsoft Excel 2016 (Redmond, WA) using MPN equations from Hurley and Roscoe. Samples 
that exceeded the detection limit for IDEXX Quantitray/2000© were assigned the highest value 
within the averaged limits of detection; values below the limit of detection were assigned value 
of 4 MPN/100 mL, the lowest value within the averaged limits of detection. All values were 
corrected to the unit of MPN/100 mL based on dilution. It is important to note that due to this 
method of FIB detection, data may be right-censored due to the fact that there is a limit on the 
concentration that we are able to quantify using a specific method. 
A standard of 104 ENT MPN/100 mL (log10 2.02 MPN/100 mL) was applied to place 
the results of this study into the context of recreational water quality management for 
Enterococcus spp. Additionally, while NC does not monitor E. coli concentrations to manage 
water quality, E. coli results were compared to the statistical threshold value of 320 EC 
MPN/100 mL (log10 2.51 MPN/100 mL) recommended by the EPA (USEPA 2012).  
Data was organized and log transformed to reduce skewness and remaining analyses were 
conducted on log-transformed data. All statistical tests were performed at a significance level of 
alpha = 0.05. Non-parametric Spearman’s Rank correlation coefficients were used to evaluate the 
correlation of microbial concentrations to the environmental and chemical parameters.   
 
 
Results: 
 
Taylor’s Creek Grab Sample Results: 
Enterococcus spp. concentrations from Taylor’s Creek samples ranged from non-detect 
to >6,600 MPN/100 mL, with a mean concentration of 174.3 MPN/100 mL. E. coli 
concentrations also ranged from non-detect to >6,600 MPN/100 mL but had a mean of 502.1 
MPN/100 mL. Figures 6 and 7 demonstrate bacterial concentrations for each sample site during 
each sample event, as well as 12-hour antecedent precipitation values from Weather 
Underground (San Fransisco, CA). They also include the NCDMF and USEPA thresholds for 
bacterial concentrations indicated by the solid red line on each figure. On 16 October 2017 and 
24 October 2017, sites were sampled twice in order to get comparisons of bacterial 
concentrations in the water before, during or after the storm occurred on 16 October 2017, 
samples were taken before any rain had accumulated, then again during the storm after 0.12 
inches of rain had accumulated. On 24 October 2017, samples were taken during the storm after 
2.78 inches of rain had accumulated, then again four hours after rain had stopped falling. 
Boxplots were created in Figures 8 and 9 to further demonstrate how bacterial concentrations 
varied by site and how their mean and median values differed. 
 
Figure 4: Front Street grab sample log Enterococcus spp. concentration (MPN/100mL) by site 
on sampling dates. 12-hour antecedent rainfall on sample dates (blue marked scatter) and EPA 
threshold (solid red line) 
  
 
Figure 5: Front Street grab sample log E. coli concentration (MPN/100mL) by site on sampling 
dates. 12-hour antecedent rainfall on sample dates (blue marked scatter) and EPA threshold 
(solid red line). 
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Figure 6:                                                                    Figure 7: 
       
 
 
 
Table 1: 
 
 
 
Table 1: Mean, standard deviation, and median values for each FIB: Total Coliforms (TC), 
Enterococcus spp. (ENT), and E. coli (EC) by site. 
 
Log Enterococcus spp. concentrations were highly variable (Figure 4), and exceeded 
NCDMF water quality standards on multiple events, during both dry and wet weather. On 24 
October 2017 and 29 October 2017, the threshold was exceeded, being associated with heavy 
rainfall (2.78 and 0.94 in, respectively). The threshold was also exceeded on 10 October 2017, 16 
October 2017, 3 August 2018 and 13 August 2018, being associated with dry weather or light 
rain (0.03 in., 0 in., 0.31 in., and 0.47 in., respectively. The Finz and Periwinkle’s sites exceeded 
the threshold most often. Variations of Enterococcus spp. concentrations overlapped at all sites. 
Mean and median values were the lowest for W. Front Street and highest for Periwinkle’s. 
Periwinkle’s also had the widest range of concentrations, whereas W. Front Street had a 
relatively narrow range of concentrations (Figure 6).  
Comparison graphs were created in Figure 5 and 7, demonstrating E. coli concentrations 
and concentration variations for each sample site during each sample event, as well as 
precipitation values and the USEPA threshold for E. coli concentrations in recreational waters. 
Similar patterns resulted from log E. coli concentrations in Taylor’s Creek samples (Figure 7). 
Log E. coli concentrations were highly variable and exceeded USEPA water quality standards on 
multiple events. On 24 October 2017 and 29 October 2017, the threshold was exceeded, being 
associated with heavy rainfall (2.78 and 0.94 in, respectively). The threshold was also exceeded 
on 10 October 2017 following light rain (0.03 in.). The Finz and Periwinkle’s sites also exceeded 
Figure 6 and 7: Box-and-Whisker plots showing distribution of log Enterococcus spp. and E. 
coli concentrations by site. Mean values are marked by x’s and median values are denoted by 
horizontal lines. USEPA and NCDMF thresholds indicated by red dotted lines  
 
the threshold most often, and W. Front Street and Fishermen’s Pier did not exceed the threshold 
on any of the sampling events. Variations in E. coli concentrations also overlapped at all sites but 
tended to be less variable than Enterococcus spp. Mean and median values were similar across 
sites, all falling between 1.5 and 2 log MPN/100mL (Figure 7). 
Log bacterial concentrations means for all sites combined were calculated for dry and wet 
weather, as well as their standard errors (Figure 8 and 9). Rainfall amounts ranged from 0.03 to 
2.78 inches. Wet samples were classified as any event where 24-hour antecedent rainfall was 
>0.5 in. and dry samples were classified as any event with 24-hour antecedent rainfall <0.5 in. 
 
Figure 8:                                                                             Figure 9: 
                    
 
Figures 8 and 9: Mean Enterococcus spp. and E. coli concentrations (log MPN/100mL) for all 
sites combined when "wet" weather is defined as 24-hour rainfall >0.5 in. (n=8) and "dry" 
weather defined as 24-hour rainfall <0 .5 in. (n=7). Standard error bars included. 
  
 Mean wet sample log Enterococcus spp. concentrations for all sites combined (n=7) were 
1.51 MPN/100mL and mean dry sample log concentrations (n=7) were 1.02 MPN/100mL, with a 
p-value of 0.015. Mean wet sample log E. coli concentrations were 1.95 MPN/100mL and mean 
dry sample log concentrations were 1.69 MPN/100mL, with a p-value of 0.147 (Figures 8 and 
9). 
 Figures 14, 15, 16 and 17 allow one to examine the patterns before, during and after 
storm concentrations more closely for specific dates on 16 October 2017 and 24 October 2017 in 
order to understand fluctuations in microbial contamination throughout a storm event. On 16 
October 2017, “before storm” samples were taken between 3-3:30 PM, with 0.0 in. of antecedent 
rainfall, “during storm” samples were taken between 6:20-6:50 PM, with 0.12 in. of antecedent 
rainfall, and “after storm” samples were taken the next day (17 October 2017) between 2:30-3:10 
PM with 0.14 in. of 24- hour antecedent rainfall, but no rainfall within 12 hours of sampling. On 
24 October 2017, only “during storm” and “after storm” samples were collected. “During storm” 
samples were collected between 10-10:30 AM with 2.83 in. of antecedent rainfall, and “after 
storm” samples were taken between 2-2:30 PM, 5 hours after rain had stopped (note that this is 
much sooner after rainfall ended than on 16 October 2017, with a much higher rainfall 
accumulation). 
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Figure 12:                                                              Figure 13: 
  
 
Figures 10, 11, 12 and 13: Enterococcus spp. and E. coli concentrations before storm, during 
storm and after storm on 16 October 2017 and during storm and after storm on 24 October 2017 
and EPA thresholds (red line).  
 
 On 16 October 2017, “before storm” Enterococcus spp. concentrations exceeded the 
threshold at the Periwinkle’s and Finz sites before any rainfall had accumulated and then 
decreased during and after the storm, suggesting that these bacteria existed in the water column 
at a high concentration before rainfall, and then perhaps were diluted by rain rather than 
exacerbated from stormwater discharge. However, the Finz site exhibited an increase in 
Enterococcus spp. concentrations during the storm, then decreased to lower levels after the 
storm. E. coli concentrations were relatively constant throughout the storm, but after-storm 
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concentrations were the lowest at all sites. On 24 October 2017, “after storm” samples for both 
bacteria species passed the threshold for the Finz and Periwinkle’s sites and were significantly 
higher than the “during storm” samples.  
To contextualize the data from the grab samples in Taylors Creek, figures are provided 
here from the two large stormwater outfalls being studied as part of the larger project in the ToB 
(Figures 14 and 15). For both pipes, concentrations of both bacterial groups tended to be 
exceptionally high during wet weather and remained high even during dry weather. Moreover, 
these concentrations tended to be higher than those at the Front Street grab sample locations, 
indicating that these larger pipes are likely discharging higher concentrations of bacteria into 
Taylor’s Creek.   
 
Figure 14:                                                            Figure 15: 
 
 
 
 
 
 
Manhole Sampling Results: 
 
 Log bacterial concentrations for E. coli and Enterococcus spp., as well as salinity values 
were compiled for each manhole sampling site for the first sampling event, which were put at a 
1:10 dilution during lab processing (Figure 16). 
 
E. coli concentrations by site. Mean values are marked by x’s and median values are denoted 
by horizontal lines.  
 
Figures 14 and 15: Box-and-Whisker plots showing distribution of log Enterococcus spp. and E. coli 
concentrations by site for major outfall pipes. Mean values are marked by x’s and median values are denoted 
by horizontal lines. USEPA and NCDMF thresholds indicated by red dotted lines 
 
  
 
Figure 16: E. coli and Enterococcus spp. log MPN/100mL values calculated using IDEXX 51-
Well MPN Calculator for each location at each sample event. Salinity values for each sample 
calculated using a refractometer. Plotted using Microsoft Excel 2011. 
 
 All wells contained positive readings for each bacterial group at each site, indicating that 
bacterial concentrations were high in all stormwater drains, but not quantifiable (Figure 16). 
Salinity values for sites 1 and 2 were also higher than expected, indicating that saltwater from 
Taylor’s Creek has intruded into the system.  
 In order to obtain more quantifiable and comparable results, samples from all subsequent 
sampling event were put at a 1:100 dilution. Although salinities are not displayed in Figure 17 
and 18, it is important to note that for the second sampling even which took place in 2017 as 
well, sites 1 and 2 had salinities of 24 and 33, respectively, while all other salinity values at all 
sites succeeding these dates did not exceed a value of 5.5 ppt.   
 
Figure 17:                                                             Figure 18: 
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Figure 17 and 18: Mean log bacteria concentrations at each site for all sampling events 
combined, excluding the first one. 
 
 According to Figures 17 and 18, Enterococcus spp. and E. coli concentrations were 
generally extremely high and varied widely among the eight sampling sites, with Enterococcus 
spp. and E. coli concentrations ranging from no detection to >400,000 MPN/100mL (all wells 
tested positive). Sites 1 and 8 continually had high levels of contamination throughout the 
sampling period.  
 For all but the first two sampling events, we also quantified the presence of bacteria in 
the sediment at the bottom of each manhole and plotted them with the values of the water 
flowing over in order to understand the source of this contamination within the manholes 
(Figures 19 and 20).  
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 Figures 19 and 20: Mean log concentration and standard error of each bacteria species in both 
sediment and water for all manholes sites for the three sampling dates combined.  
 
 Bacterial concentrations were generally higher for the water in the manholes than the 
sediment at the bottom, however this relationship was not significant enough to make statistical 
conclusions, likely due to the fact that these sites were only sampled on three occasions (Figures 
19 and 20).  
 
Plume Transect Results: 
 
 Log concentrations at each transect site and point along the transect were plotted for the 
single sampling date in Figures 21 and 22. 
 
Figure 21:                                                                    Figure 22: 
  
Figures 21 and 22: Log Enterococcus spp. and E. coli concentrations (MPN/100mL) at transect 
sites for Point A (flowing out of pipe), Point B (2-4 m away from pipe), and Point C (5-7 m away 
from pipe) on 16 August 2018 and EPA threshold (solid red line).  
 
 Enterococcus spp. exceeded the EPA threshold at four out of the six sites at Point A and 
B. Point C slightly exceeded the threshold at site F-H.  Concentrations were higher for Points A 
and B than C at all sites, indicating that Enterococcus spp. is exiting in these stormwater pipes at 
high concentrations and becoming diluted or dying off as they are distributed further away from 
the pipes. E. coli concentrations exceeded the threshold at two sites, one at transects A and one at 
transect B. At four out of the six sites, Points A and B had higher concentrations of E. coli than 
Points C, possibly indicating dilution and die-off as outfall discharge is dispersed throughout the 
water.  
In order to understand associations between FIB concentrations and outfall discharge 
characteristics at the plume transect sites, correlation plots between Enteroccocus spp. and 
salinity, total suspended solids (TSS), Nitric Oxide, Ammonium, phosphate, total dissolved 
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Nitrogen, and dissolved organic Nitrogen. Due to the fact that E. coli cannot survive in saline 
waters, the relationships were weak and therefore excluded from the table. Table 2 summarizes 
these correlations by providing the slope and R2 value for the regression line of each relationship. 
 
 Slope R2 
Salinity -0.0324 0.2446 
Total Suspended Solids 0.0103 0.0616 
Nitric Oxide 0.0757 0.248 
Ammonium 0.1011 0.4254 
Phosphate 0.2518 0.4202 
Total Dissolved Nitrogen 0.0217 0.353 
Dissolved Organic Nitrogen 0.0228 0.2008 
Table 2: Slope and R2 values for correlation plots between log Enterococcus spp. concentrations 
and nutrients as well as TSS and salinity 
According to Table 2, Enterococcus spp. concentrations were positively correlated with 
all five nutrient measurements as well as TSS, and negatively correlated with salinity, indicating 
that the water flowing from the outfall pipes at these locations is both nutrient rich and 
contaminated with microbes, and both nutrients and bacterial concentrations begin to dissipate as 
they mix in with the saline waters. These relationships may also indicate favorable conditions for 
the growth and survival of Enterococcus spp. 
 
 
Discussion: 
 Signals of elevated concentrations of microbial contamination flowing into Taylor’s 
Creek were evident in all three parts of this study, particularly following rain events. From the 
Front Street grab samples, we found that all sites had detectable levels of both bacterial groups, 
and the Finz and Periwinkle’s sites tended to exceed the water quality thresholds most often 
(Figures 4 and 5). These two sites were located in areas that are highly developed and 
commercial, containing very little vegetation and increased areas of impervious surfaces, as 
opposed to the other two sites, W. Front Street and Fishermen’s Pier, which remained relatively 
low in FIB concentrations. Elevated concentrations of FIB occurred during both dry and wet 
weather, however wet weather contributed to significantly higher levels of Enterococcus spp. at 
all sites combined (Figure 8). This relationship was not as evident for E. coli, which is consistent 
with other studies that found that the rate in which Enterococcus spp. concentrations failed 
USEPA standards were consistently higher than E. coli (Noble et al. 2003), and that stormwater 
vs. baseflow concentrations were only significantly different (p>0.05) for Enterococcus spp. and 
not for E. coli (Parker et al. 2010). This is likely due to the fact that E. coli is more sensitive to 
the marine environment and increasing sunlight intensity thand Enterococcus spp. (Noble et al.  
2003). However, at a closer look, patterns in the presence of microbial contamination throughout 
the duration of individual storms were inconsistent and inconclusive. These results indicate that 
although significant amounts of contamination are found in waters nearby to these smaller outfall 
pipes during both dry and wet weather, it is difficult to predict when these elevated levels may 
occur. However, the relationship found between Enterococcus spp. and wet weather should be 
enough to urge people of ToB to avoid swimming in these waters during and following rain 
events.  
Data from the first manhole sampling trip (Figure 16) suggests that bacterial 
concentrations in the source material are extremely high. However, the 1:10 dilution may have 
allowed for competing bacteria to be detected rather than the two species of bacteria targeted for 
this study. Figures 17 and 18 show a more quantifiable comparison between the sites using a 
1:100 dilution. Sites 1 and 8 showed elevated levels of both species of bacteria in the source 
material. Site 8 is located 2 blocks upstream from Taylor’s Creek (Figure 2), containing dryer, 
less saline conditions that may favor bacteria such as E. coli. Sites 1 and 2 are clearly vulnerable 
to tidal intrusion, due to their high salinity values in the first two sampling events. This means 
that the concentrations of bacteria in the source material for these sites was likely higher than 
detected but was diluted by the saltwater coming in from the tide. Saltwater intrusion of these 
stormwater systems at sites 1 and 2 (Figure 16) should be of upmost concern due to its ability to 
corrode and compromise the integrity of the system. Tidal intrusion not only causes the pipes to 
corrode and leak, but it also allows the tides to pick up this contaminated source material and 
flush it out into Taylor’s Creek on a regular basis, even during dry weather. If saltwater is 
entering the stormwater system there is increased likelihood that it is entering nearby wastewater 
systems in a similar manner. Corroded wastewater pipes are able to exfiltrate during dry weather 
conditions, allowing for sewage to seep into the stormwater system (Sercu et al. 2011). It is 
important to note that the material that accumulates in these stormwater systems ultimately has 
two fates: To be flushed out into Taylor’s Creek during either 1) the tidal cycle or 2) during 
heavy rainfall. While other studies have found that sediments in storm drains tend to contain 
higher bacterial concentrations than their overlying waters (Marino and Gannon 1991), this 
current study found that the opposite might actually be the case for ToB manholes, although no 
statistical conclusions can be made from this data. If it were true that overlying waters in these 
storm drains contained higher bacterial concentrations than the sediments beneath them, this may 
imply that contamination is continually being discharged into the stormwater systems during dry 
weather and flowing through them before they have time to settle.  
 Although we were only able to conduct one plume transect sampling, this data revealed a 
clear distinction between bacterial concentrations at or near the outfall pipes as opposed to 
farther away from the pipes where the water has mixed into the creek during dry weather 
(Figures 21 and 22). For Enterococcus spp., concentrations were exceptionally high at points A 
and B, exceeding the threshold at four out of six sites, but were lower for Point C at all six sites. 
This pattern implies that the concentration of bacteria flowing from the pipes is high and is 
certainly contributing to water quality impairment along Taylor’s Creek, but is likely diluted as it 
flows out further into the creek. This pattern was less evident for E. coli concentrations, although 
we still saw exceptionally high concentrations at points A and B. In the future, transect sampling 
should be carried out numerous times during both dry and wet weather in order to determine 
significant patterns in the dilution of the contaminated plume discharging from these outfall 
pipes into the creek. During dry weather, FIB in receiving water bodies can originate from 
sources such as irrigation runoff from lawns, vehicle washwater, sidewalk cleaning, leaking 
sanitary sewer lines, and other sources that allow bacteria to be dislodged and transported (Urban 
Water Resources Research Council 2014). Moreover, because the groundwater in this location is 
so high and variable, even dry weather might result in flow coming out from previous rainfall 
events. Transect sampling also revealed a positive relationship between Enterococcus spp. and 
nutrient concentrations, as well TSS and a negative relationship between Enterococcus spp. and 
salinity. This relationship may indicate that the water flowing from these outfall pipes is both 
nutrient rich, turbulent and microbially contaminated, but these characteristics become 
increasingly diluted as they flow away from the pipe and mix with the saline waters from the 
creek. Bacterial concentrations are positively correlated with TSS likely due to the fact that 
suspended solids can provide surface and protection from harsh environments and predators and 
can aid in the transport of bacteria (Urban Water Resources Research Council 2014).  
It is important to understand some of the limitations to this study in order to interpret 
results as well as some of the inconsistencies that occurred in the data. This study was only 
conducted during the latter half of summer and fall months (end of July-November), however 
concentrations of FIB in recreational waters have been found to have seasonal trends, with 
concentrations typically being higher during the summer (Parker et al. 2010). Additionally, 
although the concentrations of human fecal contamination were likely originating from the 
stormwater systems, it is important to consider contributions from other sources such as illicit 
dumping of human waste by boats, as well as leaky septic systems contaminating the 
groundwater, which this study was unable to detect and characterize. Due to the fact that samples 
were taken during different parts of the tidal cycle, inconsistencies of tidal inundation of the 
stormwater system and dilution of the water samples may not be accounted for, and 
environmental parameters such as sunlight and predation may have influenced the concentrations 
of FIB in the samples as well. Due to the sampling methods used in this study, we were unable to 
test samples from deeper in the water column. It is possible that discharge from the storm 
systems was colder than the ambient conditions, therefore causing the discharge to sink to the 
bottom of the water column before mixing with the water. Moreover, due to the large variability 
in FIB monitoring results, they often do not provide statistically significant conclusions. 
Discrepancies in results can be a result of variability in sources, fate and transport dynamics.  
With this data, ToB officials will now be able to begin to prioritize the contributions of 
these smaller outfall pipes for repair and further assessment before making significant 
management decisions regarding contamination in Taylor’s Creek. We now understand that 
although these smaller outfall pipes do not contribute FIB loads as significantly as the larger 
noted outfall pipes, they are still discharging measurable and significant amounts of FIB 
contamination into Taylor’s Creek on a regular basis. These results suggest that the NCDMF 
sample water quality in Taylor’s Creek at more opportunistic events such as after heavy rainfall 
in addition to their systematic sampling. According to a report by the Urban Water Resources 
Research Council (2014) on Pathogens in Urban Stormwater Systems, three steps should be 
taken to deal with FIB impairments in watersheds. The first step is to prioritize human sources of 
FIB due to their elevated risks to public health as compared to other sources. This includes 
examining the function and efficiency of sanitary sewer collection systems, particularly in areas 
like ToB where aging infrastructure may be present. Other contributors that should be monitored 
include homeless communities, RV and boat discharges and septic systems. The second step in 
management should be controlling non-human anthropogenic sources such as pet waste, trash, 
fertilizers and dumpster leaks. The third step, which is of least priority, includes controlling non-
anthropogenic sources such as wildlife, plants, soils and decaying organic materials. 
 
 
Conclusion: 
 Throughout the sampling period of this study, Enterococcus spp. and E. coli 
concentrations along Taylor’s Creek exceeded recreational water quality standards on specific 
dates during both dry and wet weather. In addition, Taylor’s Creek seems to be impacted by 
discharge even away from the noted stormwater outfalls. High concentrations of FIB also exist in 
the stormwater drainage systems during dry weather that likely contributes to the water quality of 
Taylor’s Creek throughout the tidal cycle and during stormwater events when this material is 
flushed out into the water body. Tidal intrusion into these stormwater systems also calls to 
concern issues of corrosion and improper construction or function of these stormwater pipes. 
Action should be taken to prevent intrusion of human fecal contamination into the stormwater 
system and to manage the manner in which stormwater is discharged into Taylor’s Creek during 
heavy rainfall. 
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